Treatment options for patients with incompletely resected meningiomas include: 1) follow up with serial neurological examinations and magnetic resonance (MR) imaging; 2) radiation with standard external-beam therapy; 3) treatment with radiosurgery; or 4) additional surgery. Which choice is most appropriate depends on the patient. Treatment options are similar when a meningioma that was thought to be completely resected recurs. Since the 1970s, the linear accelerator (LINAC) has been the principal external-beam radiation machine, delivering photons (x-rays) or electrons at various energies. [34] Brachytherapy and charged-particle therapy may also be used in the treatment of residual or recurrent meningiomas, [1, 16, 22, 32] but are not discussed in this article.
POSTOPERATIVE EXTERNAL-BEAM RADIATION THERAPY
For many years, it has been recommended that external-beam radiation therapy be considered as a treatment for incompletely resected, recurrent, and/or malignant meningiomas (Fig. 1) . [5, 9, 44, 50] This view opposed an earlier belief that there was minimal benefit to radiation therapy and that meningiomas were relatively radioresistant. [17] In 1987 an article was published by Barbaro, et al., [3] reporting the results of a retrospective analysis of 84 patients with meningiomas, treated at the University of California, San Francisco. Thirty of 84 patients underwent subtotal resection of a meningioma and did not receive postoperative radiation therapy, whereas 54 patients underwent subtotal resection followed by radiation therapy. The median time to tumor recurrence was found to be significantly longer in the group that received radiation than in the group that did not: 125 months versus 66 months. The patients received a mean total dose of approximately 5000 rad; none was reported to have suffered deleterious effects from the radiation during an average follow-up period of 78 months. The authors concluded that "radiation therapy is beneficial in the treatment of partially-resected meningiomas". [3] Similar conclusions were reached in a smaller study of incompletely resected tumors reported by Taylor, et al. [47] Despite these reports, the use of radiation therapy in the treatment of residual or recurrent meningiomas has continued to be somewhat controversial. [13, 14, 39] The hazards of radiation therapy are generally divided into the acute "early delayed" and "late delayed" reactions. [4] Acute reactions have been rare unless very large doses of radiation have been given. [21] Early delayed reactions usually appear a few weeks to months after radiation treatment and are characterized by the sudden onset of neurological symptoms such as somnolence, nausea, vomiting, ataxia, and nystagmus. [4] Corticosteroid administration may to help relieve the symptoms, which usually, but not always, resolve within a few weeks. [4] Late delayed reactions (radionecrosis) are the major hazard of central nervous system radiation, usually presenting 4 months to many years after therapy as a space-occupying lesion that may even be fatal. [4, 34] Optic neuropathy after radiation therapy for meningioma has also been reported. [12] Other risks include pituitary dysfunction and the development of secondary neoplasms. [25, 51] Sekhar, et al., [43] have been concerned that definitive microsurgical removal of a progressing meningioma might be more difficult after radiation therapy.
In 1994, Goldsmith, et al., [13] reported further on the experience from the University of California, San Francisco, with respect to the results of postoperative irradiation for subtotally resected meningiomas. By this time, 140 patients had been treated during the period from 1967 to 1990. For patients with a subtotally resected benign meningioma, the 5-year progression-free survival rate with radiation was 89%, which compares very favorably with the 43 to 59% rate without radiation. [13] These data showed further improvement for patients treated after 1980, probably because of better treatment planning. Of these patients, 3.6% experienced morbidity associated with the radiation treatment. Maire, et al., [30] also recently reported on the efficacy of radiation therapy for incompletely resected, recurrent, totally resected but aggressive (such as angioblastic or anaplastic), and inoperable meningiomas. In 91 patients, six late delayed reactions were encountered; the median follow-up time was 48 months. Interestingly, 43 of 60 symptomatic patients were thought to have improved neurologically as early as 15 to 20 days after beginning therapy. [30] Residual meningiomas may be more susceptible to radiation therapy than recurrent ones. [5, 13, 25] Reports have been published recommending radiation therapy for meningiomas in particular locations, notably the cavernous sinus and torcular herophili. [15, 49] Peritorcular meningiomas are usually subtotally resected because interruption of the venous sinus flow and/or attempts at torcular reconstruction are particularly hazardous. It has been recomended that residual tumor in the torcular area be irradiated using external-beam therapy if the remaining tumor volume is greater than 10 cm 3 . [15] Similarly, external-beam radiation should be considered in diffuse residual tentorial and large residual skull base meningiomas. [41, 42] The histological subtype of most benign meningiomas has not been found to relate to the success of radiation therapy in preventing recurrence, although there has been some indication that very vascular tumors may respond more favorably. [39] Conventional external-beam radiotherapy is generally administered once daily, 5 days per week, over a 5-to 6-week period to deliver a total dose of 50 to 55 Gy in 1.7 to 2 Gy fractions. [30, 39] The patient with a meningioma is treated through fields that cover the known area of disease plus a 1 to 2 cm margin. [39] Chamberlain [6] has recently reported the use of a 3 cm margin (and chemotherapy) for the treatment of malignant meningiomas. For tumors other than meningiomas, accelerated fractionation, in which two or three fractions per day are given, or hyperfractionation, in which a larger number of smaller-sized fractions are given, have been studied. [23] No reports of these types of studies for conventional beam irradiation for meningioma patients were found. Tumor control rates for meningiomas treated with conventional external-beam fractionated radiation therapy have been reported to range from 50 to 90%. [5, 9, 13, 25, 47] 
RADIOSURGICAL TREATMENT
The role of radiosurgery in the management of meningiomas has attracted considerable attention over the past 7 to 8 years. [8, 19, 20, 26] The term "radiosurgery" was coined by the late Lars Leksell as early as 1951. [24, 33] The term describes a procedure in which ionizing radiation is used to destroy a circumscribed volume of tissue in a single session. [2, 24] Reports on "fractionated stereotactic radiotherapy," which is distinct from radiosurgery, have also been published, including its use in the treatment of meningiomas. [10] The first meningioma was treated by gamma knife radiosurgery in 1975. [24] Meningiomas can be accurately imaged with current modalities, and possess a discrete nature. These features make them particularly suitable for radiosurgical treatment. [25] Studies of radiosurgical treatment for incompletely resected, recurrent, aggressive, and/or inoperable meningiomas have been reported for both the gamma knife and LINAC-based units. The rationale for using radiosurgery instead of external-beam radiation is that it is more accurate and should therefore minimize the risks involved with irradiating brain adjacent to tumor. [24, 25] Stereotactic radiosurgery may also play a role in patients who are considered unsuitable for craniotomy because of their age or medical condition. [2, 20, 33] The complications of dementia and the induction of secondary neoplasia have not been reported with use of the gamma knife. [24] The single-session treatment is also very convenient for the patient. [24] Patients with meningiomas who are chosen for radiosurgery usually harbor tumors less than 3.5 cm in average diameter located at least 5 mm from the optic chiasm or nerve, presenting as well-demarcated tumors on contrast-enhanced computerized tomography or MR imaging. [28] Many meningiomas treated with radiosurgery have shown a reduction in tumor volume. [11, 18, 19, 28, 37 ] Several short-term reports have stated, in general, that radiosurgical treatment of meningiomas is safe and well tolerated. [19, 20, 26, 28] Most of these data come from Lunsford's group at University of Pittsburgh, which was the site of the first North American gamma knife unit. [26] Long-term results (up to 20 years) from Stockholm have also indicated that control of tumor growth using the gamma knife unit is excellent. [24] While controversy has existed regarding the relative merits of the gamma knife versus LINAC-based systems, few hard data regarding this subject as it pertains to the treatment of meningiomas are available in the literature. As with conventional radiation therapy, highly vascular meningiomas may be particularly susceptible to radiosurgery. [2] The most common acute complication in patients undergoing radiosurgery is seizure. [2] Alopecia, hypopituitarism, visual loss, other cranial nerve deficits, weakness, sensory loss, brain edema leading to herniation, and other problems have been reported to occur weeks, months, or even years after therapy, depending on the radiation dose and location of the lesion . [2, 8, 18, 33, 40] Corticosteroid therapy may help; symptoms may resolve but recovery is variable. [2, 33] What constitutes a "safe" radiation dose for radiosurgery has been questioned. [31] Concerning specific sites, radiosurgery has been used to treat petrous ridge meningiomas and anterior skull base tumors, with encouraging initial results. [27, 29, 38, 46] Radiosurgery has been evaluated as an addition or alternative to microsurgery for cavernous sinus meningiomas by Duma, et al. [7] Of 34 patients treated, no patient had tumor progression demonstrated on MR imaging during a median follow-up period of 26 months. Tissue confirmation of meningioma was not obtained in six of the 34 patients; however, they were treated based on imaging criteria alone. [7] Valentino, et al., [48] found that tumor progression occurred in only four of 72 patients with residual, recurrent, or previously untreated middle fossa meningiomas treated with radiosurgery and followed for 2.5 to 8 years. For peritorcular meningiomas in which the residual tumor volume is less than 10 cm 3 , radiosurgery has been recommended. [15] CONCLUSIONS Both external-beam radiation therapy and stereotactic radiosurgery have been advocated in the treatment of residual or recurrent meningiomas. Radiation therapy has also been used in the postoperative treatment of malignant meningioma. Many investigators believe that the precision of radiosurgery makes it the preferred technique for use when dealing with a discrete tumor mass. Radiosurgery has also been used as a primary treatment (without surgery) when studies have indicated that the diagnosis of meningioma is extremely likely or when the patient has been judged unable to withstand surgery. [7, 48] Radiation therapy is recommended for the treatment of larger residual (postoperative) tumor volumes. Both techniques have the potential for causing neurological deficits. Because radiosurgery usually involves a single treatment, it is convenient for the patient and potentially less expensive. Control rates for tumor growth after radiosurgery, primarily in shorter-term studies, have been excellent; [33] however, prospective studies specifically designed to answer questions concerning efficacy and the incidence of complications have not been conducted. Although postoperative radiation therapy has been used as an adjuvant therapy for many years in numerous centers, stereotactic radiosurgery has been offered as a potentially effective alternative treatment for small-to-moderate sized meningiomas in many anatomical locations. [25] 
